The 3D orientation and amplitude of the movement of each eye evoked by predictable, sinusoidal and non-predictable, sum-of-sines rotation about roll, yaw, pitch and intermediate axes were measured in seven subjects. The rotation axis of the eyes was not always perfectly aligned with the stimulus axis but showed systematic deviations that depended on the orientation of the rotation axis of the head. Misalignment of the oculomotor response with the stimulus axis is equivalent to adding an orthogonal, non-compensatory vector that potentially could introduce retinal slip, rather than compensate for it. The variations in orientation could not be readily explained as an artifact arising from the differential processing of the roll component. Instead, differences in the movements of the left and right eyes had trends appropriate for compensating for the geometrical demands of the translation of the eyes that must necessarily accompany natural head rotation.
Introduction
Vision in natural environments involves more interaction between a subject and the environment than is common in the laboratory. People generally move around a good deal, and most of their movements involve head displacement and rotation. Sometimes head movements are part of an active gaze change but often they are secondary to other movements such as locomotion or other shifts in body posture.
Head movements pose a threat to retinal stability and also to the maintenance of a stable platform in space to which perception can be related. Surprisingly large amounts of retinal slip can be tolerated (Steinman & Collewijn, 1980; Steinman & Levinson, 1990; Sperling, 1990 ), although Carpenter (1988) , using the figures of Green and Campbell (1965) , has calculated that 1 deg/s of retinal motion is the equivalent of 2 dioptres of myopia. One of the most obvious features of a head movement is that it proceeds with minimal disruption to apparent visual clarity or perceptual stability. A contributing factor to this achievement is the eyes' counter-rotation. A number of systems contribute to the counter-rotation response, including vestibularly and visually driven reflexes. The vestibulo-ocular reflex (VOR) has components due to both the canals and otoliths and has a very short latency (Tabak & Collewijn, 1994; Crane & Demer, 1998) . Generally however, the VOR, when measured alone, seems to compensate for less than half of the disturbance due to head motion (e.g. Barr, Schultheis, & Robinson, 1976; Collewijn, 1989b) in humans, although it appears much more effective in other animals. The low gain in humans may be an artifact of the state of intent, but whatever the open-loop VOR fails to compensate for is left to be cleared up by other systems, primarily the closed-loop visual system.
There are several reasons to expect that the vestibuloocular reflex may not always be perfectly aligned with the axis of head rotation. One reason is the separate way that the roll component of head rotation seems to be processed, resulting in some unique features in the response to rotation around this axis. The amplitude of the response to rotation about the roll axis is smaller than the response to rotation about other axes (Tweed et al., 1994Seidman, Leigh, Tomsak, Grant, & Dellosso, 1995 Groen, Bos, & de Graaf, 1999) , although roll does not necessarily correspond to the minimum response axis (Crawford & Vilis, 1991 and see below) . The roll component of the response to rotation about an axis with both roll and non-roll components might therefore be expected to be proportionally smaller than other components resulting in a response deviated away from the roll axis. There is also a temporal difference in the response to roll relative to the response to other components of head rotation since the roll system appears to have only a very short time-constant neural integrator (Seidman et al., 1995) . This might introduce a different phase in the response at lower frequencies for the roll component (Yue, Straumann, & Henn, 1994) . Other factors that are known to influence the orientation of the VOR include the instantaneous position of the eye in the orbit (Fetter, Misslisch, Sievering, & Tweed, 1995; Misslisch, Tweed, Fetter, Dichgans, & Vilis, 1997; Misslisch & Hess, 2000) and vergence (Mok, Ro, Cadera, Crawford, & Vilis, 1992) . Furthermore, since the vestibulo-ocular reflex shows a certain amount of independence in the two eyes (Viirre, Milner, Tweed, & Vilis, 1986) , we might expect the axes of the response of each eye to deviate not only from the stimulus axis but also from the axis of rotation of the other eye.
If the axis of ''compensatory'' eye rotation is not aligned with the axis of rotation of the head, for whatever reason, then retinal motion is introduced although not necessarily over the whole retina. Furthermore, if the axes of rotation of the two eyes are not parallel to each other or the amplitudes are not equal, then vergence is also introduced. Collewijn (1989a,b) has drawn attention to the dangers of treating the VOR as a discrete system-normally it is only a part of a multisensory response to head movement. Its properties measured in the dark may be a hint of what it is able to contribute when allowed to interact with other systems, as has turned out to be the case for the ocular reflexes evoked by linear motion. Although rarely explicitly stated, the VOR, like other oculomotor systems (Barnes, 1988) , has a predictive component. This follows from theories involving internal representation (e.g. Merfeld, Zupan, & Peterka, 1999) and clearly can be seen during special demands (Barnes & Grealy, 1992) . Here, we measure the orientation of the axis of VOR with and without such predictive mechanisms available.
Methods

Subjects
Seven subjects were used. All except two were naïve as to the purpose of the project. The five naïve subjects were paid for their participation, which involved three visits separated by at least two days. The middle visit was used for another experiment. Subjects had no history of vestibular, oculomotor or ocular pressure problems. Their visual ability was not measured, and glasses and contact lenses were removed for the duration of the experiments.
Vestibular stimulation equipment
Using a flight harness, subjects were strapped into the Tü bingen Vestibular Research Stimulator (Fig. 1A) . This is a double-nested gimbal with rotation about the outer two axes motorized, while the inner two axes, including the chair at the centre, can be fixed in various positions relative to the motorized axes. The machine is capable of rotating a subject around either of its motorized axes at frequencies up to 2 Hz and with peak velocities and accelerations up to 500 deg/s and 400 deg/s/s for the inner (normally vertical) axis and 200 deg/s and 200 deg/s/s for the fixed horizontal axis.
Choice of axes, nomenclature and con6entions
Rotation started always from upright with the head held with the Frankfurt plane (the plane running through the bottom of the eye socket and the centre of the auditory meatus) roughly horizontal. Head rotations in the natural world are associated with changing orientation with respect to gravity that depends on the axis of rotation. Thus yaw rotation has no changinggravity component but pitch and roll movements involve a change of orientation relative to gravity. We kept the axes in their natural relationship to gravity, aware of the fact that this meant that the otoliths (gravity detecting system) would be more active during rotation about some axes than about others. The axes are shown in Fig. 1 . They corresponded to the cardinal axes (yaw, pitch and roll) and axes 45°in between. The axes in between roll and yaw extend through the forehead, which we called the unicorn axis, or out of the crown of the head, which we called the oryx axis (after the African ungulate with horns that appear oriented in that direction). The axes between roll and pitch are approximately orthogonal to the planes of the left anterior and right posterior (LARP) or right anterior, left posterior (RALP) canal planes (Blanks, Estes, & Markham, 1975) . We refer to the axes between yaw and pitch as left horn and right horn, but only the left horn axis was used. Stimulation and response are described with the same convention, following the direction of the fingers of the right hand when the thumb is aligned with the axis and using a reference frame in the head defined by the thumb and first two fingers of the right hand with the index finger pointing forward and the thumb up (Tweed, Cadera, & Vilis, 1990) . Thus, positive roll is clockwise, positive pitch is down, and positive yaw is leftward. A positive roll eye movement is thus evoked by a negative roll stimulus and so on.
Eye-mo6ement recording and calibration
Eye movements were recorded by double scleral search coils (Skalar) worn in a contact lens on either one or both eyes (see Section 2.5). Three balanced, orthogonal inducing fields were generated by a locally developed system using the rotating phase (Bechert & Koenig, 1996) . The six position signals from the two coils in the contact lens were digitized, programmatically converted into horizontal, vertical and torsional eye position signals (defined relative to the field coils and therefore the head in these experiments) and output in analog form (Bechert & Koenig, 1996) . These were then digitized at 200 Hz per channel and stored on disc for off-line analysis.
The system is self-calibrating, relying on the physical properties of the coils (Tweed et al., 1990) , and all that is needed is to relate the position of the coils to the eyeball itself. This was done by asking the subject to fixate a standard point straight ahead of them and using this as a reference position (Bechert & Koenig, 1996) .
Procedure
Subjects climbed into a chair in the centre of a spherical screen mounted in the centre of the Tü bingen Vestibular Research chair. They were strapped securely in place with a pilot's restraint system, and the searchcoil contact lens was applied. Subjects' heads were restrained by a bite bar. They looked first at the reference position and the eye movement equipment was reset based on this point. They then followed a set sequence of targets to check if everything was working and to provide reference data. The lights were then extinguished and the experiment performed in complete darkness from this point. They were instructed to 'look straight ahead and imagine the outside world' and to try to look at earth-stationary objects within it. No attempt was made to control or monitor vergence. The entire data collection protocol took less than half an hour per session. . Also shown are views of subject from above (B), side (C) and behind (D) illustrating the convention and the eight axes used in this study. The view from above also shows a stylised representation of the vertical semicircular canals. The anterior canals are actually tilted 49°from fronto-parallel plane, whereas the posterior canals are tilted by 40° (Blanks et al., 1975) . The convention follows a right-hand rule with the direction of rotation corresponding to the direction of curl of the fingers of the right hand when the thumb is aligned with the axis. Positive corresponds to leftward, clockwise and down and is arranged up and left in all the diagrams of this paper.
Eye movements were recorded in the dark from the left eye in one session and then from the right eye at least five days later. One subject was recorded binocularly. Rotation in the first session (left eye) was 100 s of sum-of-sines (0.03225, 0.0645, 0.129, 0.258 Hz; 9 20°f or each frequency) around each of the eight test axes. In the second session (right eye), only six axes were tested (the left horn and oryx axes were not tested). For this second session, each sum-of-sines stimulation (parameters as for the left eye) was followed by seven cycles of pure sinewave rotation at 0.129 Hz (920°) and 10 cycles of 0.258 Hz (920°).
Data analysis
Fast phases were removed by an automated process (using Matlab routines, written by Thomas Haslwanter after Holden, Wearne, & Curthoys, 1992) . Fourier analysis allowed sinusoids to be fitted to the slow phase velocities of the yaw, pitch and roll components of the evoked oculomotor responses, and these components were expressed as a 3D vector. Vectors were scaled and expressed as a percentage of the peak velocity of the stimulus. The compensatory component of the response was the projection of this vector onto the stimulus vector. A perfect compensatory response would have a gain of 100% in the direction opposite to the stimulus. Introduced retinal motion was defined as the component of the 3D response vector orthogonal to the stimulus vector.
Results
Compensatory gains, defined as the projection of the slow-phase eye velocity response vector onto the stimulus vector varied between 20% (roll) and 54% (yaw). Consistent with previous reports (see Leigh & Zee, 1999) , there was substantial intersubject variability (range 10-90%), although all subjects showed the same qualitative differences described below. Subject data were scaled according to the peak stimulus velocities and pooled.
VOR e6oked by rotation about axes in the fronto-parallel plane
When rotation was about axes in the fronto-parallel plane (yaw, pitch and left horn axes; see Fig. 1D ), compensatory eye movements were evoked that were accurately aligned with the stimulating axis for both sinusoidal and sum-of-sines rotation. The mean deviation from accurate alignment was only 2.0°9 0.4°with the largest deviation being for rotation about the left horn axis (4.6°). The breakdown of these values is given in Table 1 .
The gains of the left eye and right eye, and the right eye responses to sum-of-sines stimuli, did not show any significant difference (P\ 0.05) except that the right eye's response to yaw (40.8%) was significantly higher than the left eye's response (29.5%) (t-test: P B 0.00001). Caution is needed in interpretting this difference, bearing in mind that the left and right eye's data were recorded on separate occassions (see Section 2). The pitch and yaw gains to sinusoidal rotation were significantly higher than the equivalent responses to sum-of-sines (P B 0.0005) except that the right eye's yaw response to sum-of-sines was not significantly different from the sinusoidally evoked response (P =0.7).
VOR e6oked by rotation about axes in the head-horizontal plane
We measured the response to rotation around the roll, pitch, left-anterior/right posterior (LARP) and right anterior/left posterior (RALP) axes in the horizontal plane of the head (see Fig. 1B ). The arrangement of the slow phase velocity responses is illustrated in Fig.  2 which shows the sine waves at the stimulus frequency that best fit each of the yaw, pitch and roll compensatory components of the response expressed as vectors seen from an above view (bottom row) and from behind (top row).
When the stimulus was a single sinusoid ( Fig. 2C ), accurately aligned responses were evoked by pitch and roll rotations (deviation in the horizontal plane: pitch 1.2°, roll 1.7°), but the responses to LARP and RALP were both deviated towards the pitch axis (LARP 11.3°, RALP 15.4°; see Table 1 ).
The compensatory gain for roll movement was 31.2% in response to sines, significantly larger (PB 0.05) than the gain of 21% and 23% in the left and right eye, respectively, evoked by sum-of-sines. Unpredictable sum-of-sines stimuli around the LARP axis evoked a response that was significantly larger in the left eye (32%) than the right eye (25%) and for RALP the response was larger in the right eye (28%) than the left (24%) (see also Fig. 5 ). These differences were primarily due to differences in the pitch component of the response (see Table 1 ).
When the head moved in an unpredictable fashion with a roll component, consequential asymmetries between the two eyes were introduced. Thus, when the head rolled in a counterclockwise direction (right ear up), evoking a clockwise eye roll component (21% left eye, 23% right eye), it also evoked an upward component in the left eye (6%) and a downward component the right eye (3%): that is a vertical divergence. When the head movement was around the RALP axis (see Fig. 1B ), the vertical component was larger in the right eye, thus producing a vertical divergence. Similarly, when movement was about the LARP axis, the left Table 1 Peak velocities of compensatory and non-compensatory eye movements evoked by rotation around each of the eight axes used in this study for the left and right eye (unpredictable sum of sines) and for pure sines (predictable, right eye) expressed as a percentage of the stimulus velocity eye's vertical component was faster, also leading to a vertical divergence. For rotation about RALP, clockwise eye rotation was associated with the right eye moving more down and for LARP with the left eye moving more up, in both cases creating the same relative vertical divergence.
De6iations of alignment of VOR from sagittal plane stimulus axes
We measured the response to rotation around the roll, yaw, unicorn and oryx axes in the sagittal plane of the head (see Fig. 1C ). For head rotation axes in the sagittal plane, the responses to pure sines were accurate for all axes (Fig. 3C) . The response to yaw had a significantly higher gain than the response to roll (54% as opposed to 31%, P B0.05), but the response to rotation about an intermediate axis (unicorn) was nevertheless accurately aligned (deviation: B4°). The deviations in response to roll when the stimulus was unpredictable have been described above. The response to unicorn and oryx deviated slightly more from the stimulus axis than for predictable stimuli. The response to oryx moved slightly towards the roll axis (clockwise associated with less right) while the response to unicorn moved slightly towards the yaw axis (clockwise associated with more left).
Variations with frequency
The sum-of-sines stimuli we used were made up of the frequencies 0.03225, 0.0645, 0.129, 0.258 Hz, each with an amplitude of 9 20°. For single sinusoids, the two higher frequencies were used. The angle of deviation is plotted in Fig. 4 as a function of frequency. For each frequency, left eye sum-of-sines, right eye sum-ofsines and right eye sinusoidal data are plotted for each axis. Thus each of the four clusters represents data from one frequency. The deviation angle between the stimulus and response angle was larger for lower frequencies. For the response to roll, oryx, LARP and RALP (Fig. 4C) , the left eye's response was much more deviated than the right eye's for the lowest frequency, and this difference decreased for higher frequencies. The axis of the left eye's response to roll was deviated from the head's roll axis by \ 40°at 0.03 Hz, although the right eye's response was much more closely aligned. The response to pitch served as a control, since it remained close to aligned for all frequencies. Table  1 ). Thus, the polar scale represents the percentage response with circles at 10% intervals. The thick black line joining each symbol to the line corresponding to the evoking stimulus direction represents the 'error' or potential retinal slip introduced by the misalignment of the stimulus and response vectors. Using pure sines evokes accurately aligned responses for roll and pitch, but the responses to LARP and RALP are deviated by about 15°towards the pitch direction (Fig.  1C) . Using unpredictable sum-of-sines stimuli adds to the right eye's response, in phase with the clockwise component, a downwards (positive) pitch component (best seen in the 'from above' view) and a small leftward (positive) yaw component (best seen in the 'from behind' view) to the response to the LARP, RALP and roll responses. Similarly, using the sum-of-sines stimuli adds to the left eye's response, an upward (negative) pitch component and a leftwards (positive) component. The left eye's added horizontal component is larger.
Discussion
In this paper we have looked at the axis of slowphase eye movements evoked by sinusoidal rotation in the dark with a view to assessing the shortfall from perfect compensation. It is well known that the gain (eye velocity/head velocity) of the VOR in humans falls far short of perfect (e.g. Barr et al., 1976) although under some circumstances the gain can be much improved (Tomlinson, Saunders, & Schwarz, 1980) and we therefore expected some shortfall aligned with the axis of rotation. Indeed typical gains were in the 30-40% range leaving more than 60% of the original retinal slip uncorrected. However we also found systematic deviations of the axis of response, which meant that new retinal slip was potentially introduced in addition to that associated with inadequate on-axis compensation to head rotation.
When stimulation was predictable (i.e. sinusoidal), the response to rotation about all the axes tested (measured in the right eye) was closely aligned with the stimulus except for stimulation around axes in between roll and pitch. These are the axes orthogonal to the planes of the anterior and posterior canals (right anterior-left posterior (RALP) and left anterior-right posterior (LARP)). The response to rotation about these axes was deviated towards the pitch plane. This pattern of deviation has been previously reported (Crawford & Vilis, 1991) and has led investigators to suggest that the misalignment of the response axis might arise from the different components of the response passing through independent systems that had different gains (Crawford & Vilis, 1991; Solomon, Straumann, & Zee, 1997) . The uneven gains theory explains deviations from alignment as follows: since pitch has a higher gain than roll (pitch= 50%; roll= 30% in this study), the pitch component will be more represented in the response, pulling the overall response towards that plane. This has been modelled by a 3D matrix (roll, pitch and yaw) .
However the uneven gains theory also predicts deviations towards the higher gain axis for the response to rotation about axes midway between roll and yaw, similar to those obtained to the axes between roll and pitch, since yaw and pitch evoke responses with comparable gains (about 50% in the present study), and both are much larger than the response to roll. In fact rotation about the unicorn axis (in between roll and yaw) was accurate, and rotation about the oryx axis (also in between roll and yaw) was even displaced slightly towards the lower-gain roll axis (cf. Figs. 2C and 3C ). . The extent of angular deviation between stimulus and response is shown for each of the axes tested using sum-of-sines stimuli for the left eye and right eye for each of four frequencies (0.03, 0.06, 0.13, 0.26 Hz) and pure sines for the right eye for two frequencies (0.13, 0.26 Hz). The angle is measured between the vector representing the stimulus and that representing the response (see inset). 180°corresponds to a perfectly compensatory direction. Each data point represents the vector sum of all seven subjects for that condition. For clarity, the data are separated into three graphs corresponding to axes between yaw and pitch (top), axes between yaw and roll (middle) and axes between pitch and roll (bottom). Which symbol corresponds to which axis is indicated by the cartoons on the right of the graphs, which also serve to identify the eight axes used (roll, yaw, pitch, left horn, unicorn, oryx, larp and ralp -see text). For each frequency, the data are separated into left-eye (first vertical line labelled 'L') and right-eye (second line 'R') responses to sum-of-sines and right-eye response to pure sines (third line 'Sine'). Axes between yaw and pitch do not deviate significantly from accurate (less than 10°, top graph). The response to roll is particularly deviated from accurate at low frequencies ( \ 40°) and particularly for the left eye's response. The left eye's response to unicorn and oryx stimulation is deviated by an amount comparable to the roll response. The responses to LARP and RALP show deviations between 10°and 20°.
Visual requirements: some speculations
Our data were obtained only from one eye at a time with the other eye measured on a separate occasion. Thus we can only be qualitative in many of our statements concerning the expected binocular behaviour. Also our recordings were carried out exclusively in the dark, and the speculations below are based on the assumption that the two eyes continue to have a tendency to behave in this way during binocular viewing of visual targets.
If the response misalignment is not an artifact of different gains, might it have some function? The vestibulo-ocular reflex has turned out to be a remarkably sophisticated reflex that is responsive to a number of factors. These include the eye's instantaneous position in the orbit (Fetter, Hain, & Zee, 1986; Fetter et al., 1995; Misslisch et al., 1997; Misslisch & Hess, 2000) , vergence (Mok et al., 1992) , the distance of regard (Biguer & Prablanc, 1981; Paige, Telford, Seidman, & Barnes, 1998) , and the orientation of the rotation axis relative to the head and relative to gravity (Hess & Angelaki, 1997) . Instead of regarding the orthogonal vector as tending to defeat the aim of retinal slip control, could the deviations be functional? Fig. 5 . Translation of each eye introduced by rotation of 20°and 40°a round the axis stated (see Fig. 1 for names) . The tips of the axes are shown ringed. The movements are described in Table 2 . 
The convention is according to the right-hand rule described in the text: positive (+) corresponds to left, down and clockwise. The polarity of head rotation is chosen to match Fig. 5 . All these features correspond qualitatively to features found in the data. () indicates smaller components at predominantly twice the stimulating frequency. a The left eye's horizontal component is larger than that of the right eye for half the cycle but smaller for the other half b The vertical component of the eye's translation for half the cycle shown in Fig. 5 is matched by a similar, opposite phased vertical component for the other eye but is not sinusoidal and is at two times the stimulating frequency.
The pattern of ocular translation introduced by rotation about the axes used in this study is illustrated for a 20°and 40°rotation in Fig. 5 and summarized qualitatively in Table 2 . Rotation about the yaw and pitch axes evoked eye movements that were aligned with the stimulation axis and were purely compensatory. Thus the ocular short-fall remaining to be compensated by vision is also aligned with the head rotation vector. Rotation around other axes however, was associated with systematic deviations. The larger gain of the right eye's yaw response compared to that of the left eye, assuming that this difference is true if both eyes were to be measured at the same time (our one binocular subject was not tested with yaw rotation), means that the velocities of the two eyes would not be equal and that the right eye would be moving faster. As the head moved to the right, and the eyes moved to the left to compensate, the right eye would overtake the left, leading to a vergence. When the head moved to the left however, the compensatory rightward movement of the right eye would be larger than the corresponding left eye's movement leading to divergence. This would be compatible with subjects fixating an imaginary, close target displaced to their right.
Roll stimulation with predictable sinusoids was not associated with a vertical component in the response in either eye (Figs. 2C and 3C ) and would thus not be expected to produce noticeable vertical skew unlike previous reports (Jauregui-Renaud, Faldon, Clarke, Bronstein, & Gresty, 1996 Jauregui-Renaud, Faldon, Gresty, & Bronstein, 2001) . However, when stimuli were unpredictable sum-of-sines, vertical components were evoked (Figs. 2A,B and 3A,B) that, assuming they were found in both eyes simultaneously, would indeed cause a vertical skew. Clockwise head rotation causes the left and right eyes to translate up and down respectively (Fig. 5) , and evoked counterclockwise eye rotation with left eye down and right eye up components. These eye movements are in the correct direction to compensate for the translation of the eyes, but also would lead to a vertical divergence of the optical axes and associated vertical disparities (see also Jauregui-Renaud et al., 2001) .
Because the RALP and LARP rotation axes are quite close to passing through the left and right eyes respectively (see Fig. 5 ), rotation about these axes causes the more distant eye (left for LARP and right for RALP) to be translated vertically by a considerably larger amount than the closer eye. Counterclockwise rotation about LARP causes the left eye to translate down much more than the right eye. It is also associated with a slight rightward translation of both eyes (see Fig. 5 and Table 2 ), in addition to the downward pitch and counterclockwise roll rotational components. Although the fact that we recorded from the two eyes on separate occassions makes quantitative comparisons less convincing, the clockwise slow-phase eye movement evoked by LARP stimulation did indeed seem to be associated with more upward movement in the left eye than in the right eye. The clockwise eye movement evoked by RALP stimulation also seemed to be associated with more downward movement in the right eye than in the left eye (see Fig. 2 ). Although our data were not collected from both eyes simultaneously, the symmetry in these changes leads us to suppose that the vertical components tend to correct for the associated translations of the eyes but at the expense of probably introducing vertical disparities. Stability of the viewing platform in space (the eye) is here opposed to the maintenance of minimal retinal slip, and stability wins out. The lateral translational components occur at twice the frequency of the main rotation.
For unicorn rotation, counterclockwise roll is associated with rightward eye translation, whereas for oryx rotation, counterclockwise roll is associated with leftward eye translation. Both these directions are the same as the yaw rotational components, which therefore mask any translation-related responses. The vertical translational components occur at twice the frequency of the main rotation, although the shift of the oryx response by the appearance of an upward component (negative) associated with clockwise motion was intriguing.
Thus it appears that deviations of the axis of the VOR are found for some axes and that these deviations are in the appropriate direction to tend to compensate for the translations of the eyes that are associated with almost every head movement. Attempting to compensate for translation when the two eyes are translating differently seems to lead to ocular divergence. These findings lead to a similar conclusion as Groen et al. (1999) , who suggested that the goal of the compensatory eye movement system is more to stabilize the eye in space than to minimize retinal slip. A similar conclusion was reached by Harris & Mente (1996) where adaptation of the VOR was found to be directed not towards minimizing retinal slip but towards compensating for the movement of the head in space, assessed from a combination of visual and vestibular cues.
Our data suggest that the vestibulo-ocular reflex comprises compensatory elements for the angular and translational movements of the eyes and that the translation-related components are most prominent when subjects are not able to predict the motion. The fact that the gain and spatial characteristics of the roll response are not altered when this axis is aligned with gravity (Seidman & Leigh, 1989; Jauregui-Renaud et al., 1996) and that the translation-related components reported here are found at low frequencies suggest that they do not result from detecting the translation directly. Dependence of the angular VOR on distance of fixation (Biguer & Prablanc, 1981; Viirre et al., 1986; Crane, Viirre, & Demer, 1997) has been demonstrated and tied into an otolith component (Angelaki & Hess, 1994) , especially when stimulated by using eccentric rotation axes (Snyder & King, 1992 ). Here we demonstrate the extent of this system in three dimensions and show that it appears to be operational even when the axis of rotation is within the head.
Minimum gain axes
The amplitude of the gain of the VOR clearly varies in a systematic way with the orientation of the rotation axis through the head. A convenient point in this variation is the axis of minimum gain. This axis has been associated with various meanings. In the different gains model described above, the minimum gain axis corresponds to the preferred axis of the lowest gain mechanism. It can therefore also be used as a signature to identify the properties of this mechanism (Harris & Lott, 1995) . It has also been suggested that the minimum gain axes are orthogonal to Listing's plane (Crawford & Vilis, 1991) . Fig. 6 . Minimum and maximum gain axes in the horizontal plane were calculated by fitting a sinusoid through the data evoked by the sum-of-sines stimulation for the left (A) and right (B) eyes. Also shown is the fit to data obtained in response to single sines (C). For all fits, data from frequencies 0.13 and 0.26 Hz have been pooled. The top graph in each panel shows the means and standard deviation (x and y calculated separately) for all seven subjects. Fitted through the data are the best-fit sines. The minimum gain axis (see text) is indicated in each case. The lower graph shows the same data in a linear plot. The average length and standard deviation for each response vector are plotted against the orientation of its axis in the horizontal plane. For the sum-of-sines responses, the minimum gain axis was displaced from roll by 13.6°in the left eye towards the right anterior/left posterior axis (RALP) and 12.4°in the right eye towards the left anterior/right posterior axis (LARP). The response to pure sines was much more symmetrical with a displacement from roll of only 2.6°. Fig. 7 . MRI image of a brain at the level of the eyes showing the relationship between the axes of minimal VOR gain (obtained as in Fig. 6 ) and the anatomical relationship between the eyes and the centre of rotation of the head, the atlanto-occipital joint.
Therefore we looked for the minimum gain axes for our data. The analysis is shown in Fig. 6 . The variation of gain within the horizontal plane of the head can be described by an ellipse. When such an ellipse is plotted through the data (Fig. 5) , the minimum gain axis is found to be to the left of the roll axis for the left eye by 13.6°and by a similar amount (12.4°) to the right for the right eye. During vergence Listing's plane rotates outwards (temporally) in each eye (Mok et al., 1992) . Our data are therefore compatible with the idea that VOR minimum gain axes reflect Listing's plane with the implication that our subjects were converging-presumably on the (imagined) wall of the laboratory about 1.5 m from their head.
When the head rotates, it is associated with translation of both eyes (see Fig. 5 ). The only exception is when the axis of rotation of the head passes through the centre of rotation of the eye. Most natural rotations are about the atlanto-occipital joint which is substantially behind the eyes. Thus the only natural head rotation axis that passes through an eye is around the line joining the atlanto-occipital joint (the approximate centre of head rotation) with the eye. Fig. 7 shows the minimal gain axes superimposed on an MRI image of the human head taken at the level of the eyes to show both the centre of rotation of the eyes and the head. The minimum gain axis for each eye lines up closely with the line joining the centre of rotation of the eye with the centre of rotation of the head. That is, the minimum gain axis for each eye is closely associated with the only naturally occuring head rotation axis not associated with any translation of that eye.
Conclusions
Our data are compatible with the notion that the vestibulo-ocular reflex represents an initial core of a compensation not only for angular head rotation but also for the translation components of the eye associated with these rotations. The translation-related response components seem to be most prominent when the stimuli are not predictable. Natural movement of the head during normal locomotiom. includes both predictable and unpredictable components which may be treated differently.
